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Statistical Characterization of Seafloor Roughness
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Abstfra-Thelflpography- of the seabed can strongly affect under. of the seafloor have been estimated and included in data

water sound propagation in the ocean. 4e-iuis- eitrtk5Jeafloor fee. bases for use in acoustic modeling. Examples of this are the SLn lures fall into 91 -elpigctgre codn bsz:lre.
ppg ateoris acoringuu ize lag goacoustic models" of Hamilton 181 based on 1) in siru and mn

Lfl etue that block propagation. intermediate features that act pri- laboratory measurements on sediments, 2) seismic experiments,.
marily as sloping bottoms, j, ml-cl etre htata et
ercrs~lwthpis paperlsttisrcl parameters of bottom topography for ad3 cutceprmns
thigatter "categoriesjki.-pesented -SptiaI wavenumber spectra The effect of seafloor topography on underwater sound

Ven of ocean bottom and subbottom roughness are determined from net-j propagation is a function of experimental geometry and
row-beamwidth echosounding and seismic reflection profiting. The frequency. Topographic features fall into three overlapping

0 spectra are compared to the expression PIKI = CK'<-W where Pt(Missiectgrs.]lgefaustatbokppgton
IN the power spectral density. C is a proportionality constant, K is the caiteriaesi)zred features that bmrlo c pr option,4 avenumber. and h is a constant that characterizes the class of rouga2r nemdaesie etrsta riaiyata lpn

ness. The parameter Ifis often assumed lo be 3; however, ila-pueat bottoms, and 3) small-scale features that act as scat terers.
4study shows that b can range from about I to 5. Topographic samples Only topography of the first, and to some extent the second

were found to have probability density functions which were both categories, is readily available for use in acoustic modeling.
non-(;aussian and Gaussian. It is suggested that a first-order rough-

nesdata base include band-limited ie4 mle.. sq....4 'iMS)4ough- Detenninais tic Data Bases
ness. K, and K - flhe wavenumbers of the estimate); b; sediment type;
physiotu-aphic province, water depth, and location. .'i Topographic features of the seafloor of the first and second

INTRODCTIONcategories given above may be described deterministically
INTRODCTIONand input into ranige-dependent acoustic propagation models

Q EAFLOOR ROUGHNESS is an important factor in acous- such as Parabolic Equation 1221 and GRASS (41 .Topograptic
Ltic propagation. Properties of roughness are not only a data are usually obtained from bathymetric charts or data

mean fo std~ig saflor eolgy 141 (11, ut lsobases such as SYNBABS, a computerized bathymetric data
mrvea for tuding seafloor celogyfcaio 141 111 T palso base .and software system that synthesizes great-circle batlsy-

pvdeswt a metttho forrptono seafloor casfato11-thipogaper meric p~rofiles from average depth in 1/12 degree cells 1231.

dealss ith acuntitativebescFrit.ios ofpe seflo topography Recently developed single -in teractIion scattering models,

for us nauti proebemnues. irst iousts ofohess such as Facet Ensemble (1131, (181 ) require input of a high-

are reviewed. Then estimates of seafloor and subbottom rslto oorpi rfl.Sc rflsaedfiutt
rougnes obaind fom tablize narowbea ecosond-obtain on a global scale, but a data base to support such

ings are presented. These data, along with data presented whdich t her iss t nfor salscles oproghess roughessi

from the literature, can provide interim estimates of roughness proices) the dat bafomseml-sbe ihrouahpar to est

parameters until an extensive roughitess data base is estab- fromce) Theitca data bases desibd bel aow o eprt

lislied. Finally. the form of a first-order seafloor roughness fot h ttsia aabssdsrbdblw

data base is suggested. Statistical Data Bases

SI:AFLOOR TOPOGRAPHY AND UNDERWATER flntermed iatlescale and small-scale features cause scattening
ACOUSTICS of sound and errors in range and bearing estimates 1Ill.

The nteacton (f sundwiththesealoordepndsup( Different statistical parameters of roughness are required
Theintracionof oun wih te saflor e~ctdsuin for different scattering theories. Lckart 161 has shown the

fae otighncisi. Then deni. sound velocity. and tteio spatial waveninbcr spectrum ito be an) important factor in
fac roghtes. Te dnst) sond elcit, ad tteuaton the scattering of sound froin a randomly rough surface.
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of the seafloor, a simplified model is convenient. Spectra may certainties, and heave, only data obtained under optimum
be approximated by the expression P(K) = CK , where P(K) conditions are used for this study. Aiasing may affect a spec- a IF
is the spatial wavenumber power spectral density, C is a trum if substantial energy occurs at frequencies higher than
porportionality constant, K is the spatial wavenumber, and b is de spatial sampling frequency (I sample per 100 in). How- 0
a constant that is characteristic of the class of roughness ever, as the beamwidth of the echosounder is not infinites-
(analogous to noise class, e.g., white noise, Brownian noise). imally small, the measurement system may act as an antialias- Z
Nye [19) has used a dimensional analysis to demonstrate ing filter. Other processing effects include bias due to leakage r -
that for the case of b = 3, the units of spatial wavenumber from one band to another. Leakage effects have been mini- 4
power spectral density (meters cubed) cancel and the topog- mized by using appropriate windows. x

Xraphy appears to have the same roughness for all scales. An By using the same measurement system, processing, and
zexample of the acoustic significance of b is shown by Marsh's -stimation techniques on a wide range of seafloor types (Table (

[17] theory of scattering from a totally reflecting randomly i), first-order estimates of the probability density functions M

rough surface. For fixed grazing angle, the backscattering (Fig. I) and power density spectra (Fig. 2) can be obtained.
coefficient varies as k 3 - b, where k is the acoustic wavenum- These functions and the RMS roughness are band-limited
ber. Note that for b = 3, the backscattering would be inde- parameters, since they pertain to the band of topographic
pendent of acoustic frequency. wavenumbers sampled by the measuring system and the high-

Most studies of seafloor topography have been qualitative, pass processing filter. The PDF's appear to have both Gaussian
A few quantitative studies have dealt with very large-scale and non-Gaussian distribution. The values of b (Table 1)
topography. For acoustic analysis, statistical parameters were obtained by a logarithmic least-square fit of each power
relating to the roughness of the acoustic interaction zone spectrum for those values that were above measurement sys-
are required. In the next sections. the roughness important tem noise (Fig. 2). These b values, which vary from about I
to acoustic interaction is discussed, to 5, have a greater variation than that reported by other

investigators. Nye (191 concluded that spatial wavenumber
SEAFLOOR ROUGHNESS APPLICABLE TO LOW- AND spectra of widely different types of land topography have

MEDIUM. FREQUENCY SOUND the approximate form corresponding to b = 3, even though

The area of interaction for sound reflecting from the the values of C are greatly different. Marsh 1171 compiled
seafloor may be estimated by the size of a Fresnel Zone. For power spectra of nine topographic surfaces, including four
100-Hz sound (acoustic wavelength =15 m) and a 20* grazing sea bottoms which followed the form corresponding to b = 3.
angle and with surface source and surface receiver in a 4000-m The lake-bottom spectrum reported by Horton et al. [101
ocean, the dimensions of the first Fresnel zone calculated by has the form b = 0. Bell [i calculated spectra for North
Kerr's 1121 method, are 1900 in by 600 m. By the Rayleigh Pacific abyssal hills from numerous sources including deep-
criterion (211, the heights of roughness within the first tow echosounding data and found that b varies from 2.0
Fresnel Zone must be greater than about A/(8 sin 0), where X to 2.5 for wavelengths less than 10 km and that b was about
is the acoustic wavelength and 0 is the grazing angle, or 5.5 m 1.0 for longer wavelengths. The wide range in b for the sea-
to appear as a "rough" surface to incident sound. To delineate floor is not unexpected, since there are many unrelated
seafloor features of this scale requires better resolution than processes that act to form the relief. This is in contrast to the
conventional wide-beam echosounders can offer; they com- constant value of b = 3 for the equilibrium range of wave-
monly have a 60* beamwidth, which would imply a 4600-m number spectra of fully developed wind-blown sea surfaces
diameter ensonified area for an ocean depth of 4000 m. [201, where roughness results from a single mechansim. One

One method of achieving the required solution is to use characteristic of all seafloor power spectra for vitually all scales
a stabilized, very narrow-beam echosounder 17). Data from of topography is that b is rarely less than 1, indicating that
this type of echosounder were obtained by using the beam the power is concentrated in the longer wavelengths. This
of highest resolution of the stabilized 12-kHz multibeam suggests that features that are tall relative to their horizontal
array sonar. Depths obtained from the center beam (normal dimensions are rare. Such features would tend to be unstable
incidence) were determined to I in by precise measurement and short-lived in the ocean environment. *
of the sound traitl time. The ensonified area (to the -3 dB RMS roughness estimates determined in this study (Table
point) was less than 90 m in diameter and adjacent samples 1) are consistent with those found by Clay and Leong 12).
did not overlap because the sampling interval was about 100 Further, physiographic provinces appear to be characterized
m. Sample series of topographic data were adjusted to a zero by certain ranges of RMS roughness. However, there is no
mean, and passed through a high pass spatial filter (low cut apparent relationship in these data between b and RMS
wavenumber 0.003 m-1). Probability density functions and roughness or b and physiographic province. It appears that
power density spectra were then computed from the filtered additional studies with much larger, higher resolution data sets
data. A 2048-point discrete Fourier transform with a Hann are required to determine if there are relationships between
Window was used to obtain raw spectral estimates. Averages b and seafloor type.
of 10 adjacent estimates were used to produce a smoothed If roughness spectra can be approximated by the exponen-
spectral estimate having a resolution of 0.0003 m-' for the tial expression, a statistical data base might include parameters
band up to 0.03 m- 1 . such as band-limited RMS roughness; K, and K2 wavenumber

To reduce the effects of system noise, navigational un- bounds of the estimate. b; sediment type; water depth: physio.



50 IEEE JOURNAL OF OCEANIC ENGINEFRING. VOL. OE-9. NO. I. JANUARY 1984 U
0

TABLE I low, and the Fresnel zone size large (dimensions proportional 0C
RMS ROUGHNESS AND SPECTRAL SLOPE PARAMETER b of., to f- 112 ). A significant amount of very low-frequency energy 0

BAND-LIMITED TOPOGRAPHY
can pass through the water-sediment interface and interact 4

,- ,n,- ..... owith the subbottom. Whether the water-sediment interface 'o
*t,nlc. ocean WS (0. (Cr $' 0

or a subbottom interface is the principal scattering surface C
SOltl op.1 SoG.... 4 4 will depend on experimental geometry, roughness of the m

Se t All--t 3.6 2.) Z
Aby::,,1 1., Alan,,r • . interfaces, acoustic wavelength, sediment thickness, sediment KA4.ysngl Pl.ta At l.r,t ( l.5 -'

yl. Ko,..,. u.* .- = density, and the sound attenuation and sound velocity in the -
Co , ,,....... ::= _ o. ) .. C, sediment. For large areas of the world's oceans, the principal
N"q',,) ,,.r " ,,, .... N ,nq, 5 I (.1 subbottom interface for VLF sound is the sediment-basalt ,

C,,,n, ,,, .,,,.1..i, interface. z
-1.2 LA

Nq, ,, , Fla..,, q- 5'. 2-. A .S To obtain statistical properties of both the water-sediment
Abyss 4 ) rac.f. I " .2

Cot,-. ... ,4,d ..-.... .e and the sediment-basalt interfaces, large-scale roughness
It-t, -0.,.,. Al,, M W. S- .0.A data were obtained from seismic reflection records and wide-

4, Iner 1 - f., . I. , ... A. . 1.4 -"4J . beam echosounding data from the N orth A tlantic and N orth

Spatial wavenumbers are 0.003 to 0.03 m-I except those denoted Pacific Oceans. The seismic reflection records provide data
by 0, where spatial wavenumbers are 0.00006 to 0.003 m-1. In cases for both interfaces. The echosounding records were made in
where the roughness is less than the resolution of the measuring system,
the upper limit of RMS toughness is given and b is not estimated. areas of little or no sediment cover. Depths were determined

at intervals of I km along profiles. The accuracy of these
data varied between S and 30 m, depending on the seismic

()recording configuration. The seismic interface depths were

(a) " (b) then adjusted for a constant sediment velocity layer (1.6
~* w-km/ts). While tlsese data do not have the resolution of the

narrcw-bandwidth data mentioned in the previous section.
they provide an estimate of roughness in the 0.00006 to 0.003

0 .... ..." m n wavenumber band. Tile roughness of the smaller wave-
w", am as numbers of this band is applicable to scattering at the lower

Fig. I. Probability density function of ocean bottom topography. The frequencies of VLF sound.
solid lines represent the Gaussian PDI. o! topography filtered by a Power density spectra and probability density functions
high-pass spatial tilter, wavenumbr = 0.03 n- I. (a) Norwegian were obtained from the digitized data that have been de-
Sea. -Basin, (b) Norwegian Sea- Marginal Plateau. trended and have had the mean removed. Table I shows

estimated large-scale roughness (0.00006 to 0.003 m - 1

w. ,wavelumhers) statistics for the scdiinent-basalt interface of
S(af), tile North Atlantic and North Pacific Oceans. These estimates.

based upon 50 sample profiles from each ocean, yielded mean
values of 1.8 and 1.6, respectively, for parameter b. This is

f ',consistent with results reported by Bell Il, who found that

. i" b for the slope of the North Pacific abyssal hills was 2.0 to
2.5 for wavelengths less than about 40 km with a lower value

(b)\ "for longer wavelengths. Bell's results showed a large apparent
(b) scatter with only a few data points in the long wavelength

\.f.. lrange. The standard deviation resulting from fitting the ex-
ponential approximation 1(1 each power spectrum was 0.4.
which is comparable to that found by Bell (I .

. , . The PDF o f all samples free of seamounts and fracture
so NowIzones were found to have a distinct, generally symmetric,

Iig 2. Spatial wavenuinh.r power spectral density ot scalloor tospi- central tende!:y. This is in agreement with the findings
raphy. The solid lines represent the logaritlmic regiression of sec-o
teal values that are above the measurement noise .(a) Norwegian of Kratse 't at. 1I51 for tile North Pacific and hconlbe
Sea Basin. tb) Nurwegian Sea Marginal Plateau (91 for the North Atlantic.

While tile values of b for basalt are similar for both o,:ceans.

graph province, and geographic location The RMS roughness the average RNIS roughness is significantly different (Table I).
hbr other frequency/waecitmiber barids c)uild he estiimated RMS roughness for the basaltic basement of tile two oceans

from the exponential express'ion. I-uirther %ilk Is reqilirel it, the spatial wavelength ralge frons 5 to 100 km is estimated

to determine if such a relatively suiple data base can ade- to he 259 t 74 ni for the North Atlantic and 99 ± 36 nl for
quatel) represent bottom roughness, the North Pacific Oceans. This analysis excluded the large

fracturie i/,Ies. 1he uncertainty indicated is one standard
S.AU LOOR OLUGIINITSS AI'PLICAIILI. 10 VLRY deviation (if the Individual estimates. I he means are distinctly

LOW-FRI.QL'LNCY SOUND dillcient, with the North Atlantic ha,ing tile higher value.
At very- low fiequen.ies (less thanl 20 liit. ac.'oUSti wave- IIIcIIIhc 191 has estimated me"san reliet ill the Notth Atlantic

letvwihs are hong (greater than 75 in). the ellectise atteinuaturb by hand tabulation of peak-to-valle) heights and by averaging.
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